majority of adults. According to the World Health Organization, caries is the most prevalent oral disease in several Asian and Latin American countries, while it appears to be less common and less severe in most African countries [World Health Organization, 2003 ]. In light of changing living conditions, however, it is expected that the incidence of caries will increase in many developing countries in Africa, due particularly to growing consumption of sugars and inadequate exposure to fluorides.
The interest in understanding the mechanisms underlying individual susceptibility to caries coincides with the development of feasible approaches to understand genetic susceptibility to complex human disease, thanks in large part to tools developed by the Human Genome Project (www.genome.gov). The combination of the high prevalence of caries among certain groups and the evidence that fluoride exposures do not protect all individuals [Slade et al., 2013] has specifically motivated research towards identifying genetic contributors to caries. A combination of candidate gene and genome-wide studies has arisen in the literature, with some notable successes, but also notably exemplifying the difficulties of developing a study with robust phenotype definitions and sample sizes that allow enough statistical power to detect genetic effects.
Further, note that the human genome is not the only genome involved in caries, i.e. the oral microbiome clearly plays a role in pathogenesis, and a number of groups are simultaneously working on the metagenomic contributions to caries. The oral cavity contains more than 700 species of bacteria, which grow primarily in multi-species biofilms (for example, dental plaque) that play vital roles in homeostasis of the mouth and in diseases of the oral cavity [Zarco et al., 2012] . Although caries is strongly associated with differences in diet and environmental factors, a study of the taxonomy of the salivary microbiome of 120 individuals selected from 12 different locations worldwide (10 per location) found little geographic structure; only 13.5% of the variance in genera composition observed between populations was explained by differences among individuals [Nasidze et al., 2009] . This suggests that microbial taxonomy alone -even after adjusting for environmental exposures -is insufficient to explain individual, familial and regional variations in oral microbiota and particularly caries susceptibility.
In this paper, we focus on recent human genetic studies, provide an overview of where the field stands and summarize the promise of these studies in devising new strategies to prevent and manage caries.
Pathogenesis
The term caries is thought to derive from words meaning rottenness, decay, injure, break, death, destruction, withered or faded. It alludes to a disease process, but does not describe it. According to Fejerskov et al. [2008] , caries describes the signs and symptoms of a disease. In other words, it is the result of a localized chemical dissolution of the tooth surface caused by metabolic events that take place in the biofilm (dental plaque) that covers the affected area. Carious lesions result from a shift in the ecology and metabolic activity of the biofilm, whereby an imbalance in the equilibrium between tooth mineral and biofilm fluid has developed. Although the biofilm is a prerequisite for carious lesions to occur, its presence on solid surfaces does not necessarily result in the development of clinically visible carious lesions. Some chemical modifications are so subtle that they can only be recorded microscopically. When cumulative numerous pH fluctuations result in a net loss of calcium and phosphate of an extent that makes the enamel porous and visible, it is considered a 'white spot' lesion. Featherstone [2006] explains the caries process as a balance between pathological and protective factors.
Pathological factors, which include cariogenic bacteria, frequent ingestion of fermentable carbohydrates and salivary dysfunction, drive the caries process toward demineralization. Protective factors, which include salivary components, fluoride and remineralization, and targeted biofilm control drive the caries process toward remineralization [Featherstone, 2004] . If pathological factors outweigh protective factors, caries progresses as a consequence [Featherstone, 2006] . Behaviors related to oral hygiene practices, dietary choices and decisions involving seeking professional oral health care also contribute to caries, and defining these factors and including them along analyses of biological underpinnings is a major challenge.
The American Academy of Pediatric Dentistry [2012] currently recommends that caries risk assessment based on a child's age, biological factors, protective factors and clinical findings should be a routine component of new and periodic examinations by oral health and medical providers.
There is no single test that takes into consideration all these factors and accurately predicts an individual's susceptibility to caries. The caries risk may be determined by analyzing and integrating several factors such as caries experience (initial caries lesions and established caries defects, secondary caries and present caries activity), fluoride use, extent of plaque present, diet, bacterial and salivary activity and social and behavioral factors [Reich et al., 1999] . Although the best tool to predict future caries is past caries experience, this risk factor is not applicable for young children due to the need to determine caries risk before the disease is present [American Academy of Pediatric Dentistry, 2012] .
Host susceptibility is underlined by a potential genetic contribution for caries risk. The understanding of genetic contributions to caries can be highly valuable for dental practitioners. In the future, clinicians might be able to explain to patients that some forms of caries are more strongly associated with inherited risk. This could offer an explanation for both the patient and dental practitioner why persons with similar behavioral risks (i.e. tooth brushing frequency or dietary habits) have different caries risk and/or caries activity [Bretz et al., 2003] .
families [Klein and Palmer, 1940] and animal breeding [Hunt et al., 1944] were consistent with a genetic component. The most compelling early evidence for a genetic component to caries comes from studies of twins reared apart. In two related studies, investigators found significant resemblance for percentage of teeth and surfaces restored or carious within monozygotic but not dizygotic twin pairs reared apart and estimated the genetic contribution to caries as 40% [Boraas et al., 1988; Conry et al., 1993] . More recent studies of twins reared together [Bretz et al., 2003 [Bretz et al., , 2005 or of families estimated the heritability for caries measured by the DMFT/S as ranging from 45 to 64%, with primary dentition caries in general showing higher heritability than permanent dentition caries. Heritability studies alone are not sufficient to demonstrate a genetic component in caries because shared behavior and other environmental factors can contribute to covariance between relatives and mimic genetic correlation. Notably however, genetic studies in animal models (see e.g. Nariyama et al. [2004] ) and recent human molecular genetic studies bear out the heritability results. A full summary of the long history of animal model studies in caries is beyond the scope of this review, but note that many of the candidate gene studies done in humans (see table 1 for a summary) were motivated by the findings in animal models. This review focuses in large part on the recent strides in caries molecular genetic studies in human populations.
Caries Phenotypes
Shared behavior, practice and habits within families can be expected to contribute to covariance between relatives and to mimic genetic correlation if not controlled by the experimental design [Potter, 1990] . This is particularly true for caries, which can be profoundly affected by dietary sugar intake and/or oral hygiene practices within families. This effect can explain results that suggest a major gene effect [Werneck et al., 2011] , despite the fact that one would not expect that to be the case for caries.
Successful genetic studies require careful measurement of the phenotype of interest (i.e. the disorder or physical characteristic under study), ideally in a biologically meaningful way. Genetic studies of caries are thus inherently difficult because the usual disease measures originally developed for clinical and epidemiological studies more directly assess the consequence of the disease rather than its pathogenesis. The DMFT/DMFS score (i.e. a count of the number of D ecayed/ M issing due to caries/ F illed T eeth or S urfaces) is the most widely used index and gives a good estimate of the prevalence of the disease, as well as an estimate of the severity of the affection based on the number of teeth (or surfaces) affected by caries. The DMFT distribution in 12-year-olds across many countries shows that there is a skewed distribution of caries prevalence [Nishi et al., 2002] . While a proportion of 12-year-olds are caries-free, a considerable number still have DMFT values higher than the goal of 3 set by the Health Assembly of the World Health Organization (Bratthall [2000] ; see also fig. 1 ). Caries prevalence assessed in the third of the population with higher DMFT scores (Significant Caries Index) brings to attention the individuals that are experiencing most severe disease. It has been proposed that the Significant Caries Index for countries should be less than 3 DMFT in 12-year-olds by the year 2015 [Bratthall, 2000] .
Over the life course, populations tend to have increased DMFT/DMFS scores ( fig. 2 ), in part due to untreated caries disease, in part due to restorative procedures and other reasons. Therefore, genetic studies defining the phenotype based on caries experience scores will have to deal with the limitation that these scores provide an estimate of the prevalence of the disease, but not necessarily directly determine the individual factors involved in its pathogenesis. DMFT scores have limited ability to provide insight into the severity or pathogenesis of the caries experience in an individual. With the widespread utilization of fluorides, carious lesions have become more difficult to detect and many are incipient. Epidemiological assessments usually have study participants at only one time and judgment of lesion status needs to be made at the visit. Dentists in their practices have the ability to follow up cases and make decisions based on how an apparent lesion progresses or stays arrested, and treatment decisions can be planned accordingly. To sophisticate the power of discrimination of caries experience evaluations at the population level, another index was proposed, the International Caries Detection and Assessment System (ICDAS; https://www.icdas.org/; Pitts [2004] ). This index provides a more sophisticated assessment of the caries experience, but at the same time brings to attention the difficulties of discerning between specific codes of early alteration of the enamel (codes 0-3) and the feasibility of applying this approach to large settings.
Both DMFT/DMFS and ICDAS are used to obtain information on primary dentition, which is ideally examined after complete eruption, after 4 and before 6 years of age. Caries experience data have been generated for individuals older than 12 years of age as well, but in these Vieira cases, total caries experience tends to increase due to other factors that cannot be easily discerned from caries: sound surfaces may have been prepared to receive tooth restorations or are bases for fixed prosthodontics, teeth can be lost due to trauma, periodontal disease or orthodontic indications, and depending on the study, these factors cannot be easily detected during the clinical assessment.
For human genetic study purposes, research groups have begun to use tooth-and/or surface-specific scores, for example dividing the surfaces into pit-and-fissure versus smooth surfaces ]. An intriguing recent study used cluster analysis to divide the tooth surfaces into groups with similar caries experience [Shaffer et al., 2013b] 
Human Genetic Studies of Caries
There are two major ways to study the genetics of a complex trait such as caries, and both have been applied to caries: candidate gene studies (summarized below and in table 1 ) and genome-wide studies (summarized below and in table 2 ). Candidate gene studies test hypotheses regarding association between specific genes or gene variants and caries experience. Genome-wide studies test either linkage or association between anonymous DNA variants with known locations throughout the genome, and thus represent a hypothesis-generating procedure. DNA variants with genome-wide significant statistical signals imply that the anonymous variants are near caries etiologic variants; such positive signals then require follow-up studies for identification of the etiologic variants. Since genome-wide studies are hypothesis-generating, one typically targets for follow-up both strictly genomewide significant results and also suggestive results, i.e. those results that are near strict significance.
Candidate Gene Studies
Most of the genetic studies of caries to date approach the problem of detecting a genetic factor contributing to caries by testing genetic variation in specific genes, based on their assumed or known function which is thought to be relevant to the disease, using the standard statistical approach of testing for association between specific vari- ants or alleles at a genetic locus and caries. These genes can be grouped in certain categories, based on the factor influencing caries. The major candidate gene categories studied to date include enamel formation genes, immune response genes, genes related to saliva, genes related to taste and others ( table 1 ) . Associations have not always been replicated in other independent studies and these conflicting results are probably due to population heterogeneity and issues with statistical power. Due to such study design issues, the associations described in table 1 cannot yet be fully refuted by the negative reports [Brancher et al., 2011; Yarat et al., 2011; Buczkowska-Radlińska et al., 2012; Olszowski et al., 2012; Gasse et al., 2013; Yang et al., 2013] that followed the original studies. The most studied group of candidate genes includes the enamel formation genes. The aggregate association data [Slayton et al., 2005; Deeley et al., 2008; Patir et al., 2008; Shimizu et al., 2012; Ergöz et al., 2013; Jeremias et al., 2013] have only one mostly consistent result, the lack of association between TFIP11 and caries (Jeremias et al. [2013] is the exception). However, an association with this gene was found when the phenotype tested was microhardness of enamel after the creation of an artificial caries lesion [Shimizu et al., 2012] . These data suggest that the bulk of candidate gene studies can suffer from the definition of the phenotype as discussed earlier. Most studies compare individuals who are caries-free to individuals with at least one affected tooth. The obvious question is 'Are individuals with DMFT = 1 the same as individuals with DMFT = 10?'. The studies that take into consideration age when evaluating the DMFT likely provide a better estimate of genetic associations.
Another interesting phenotype is a surrogate of the carious lesion severity. Some individuals can have a more dramatic progression of the lesion into dentin than others, and these lesions can involve the pulp to a point that these cases can be more susceptible to developing periapical lesions detected radiographically. MMP2 expression is higher in dentin affected by caries [Toledano et al., 2010] . When the presence of periapical lesions associated with deep carious lesions in dentin was used as a phenotype (in comparison to absence of periapical lesions despite the presence of deep carious lesions in dentin), associations were found with MMP2 and MMP3 [MenezesSilva et al., 2012] , demonstrating the promise of exploring phenotypes related to the severity of the carious lesions.
Genome-Wide Linkage Studies
With early molecular genetic tools such as restriction fragment polymorphisms and single nucleotide polymorphisms (SNPs), genome-wide studies began to identify regions in the genome likely to harbor caries risk genes. The first genome-wide attempt to identify genetic contributors to caries used the linkage approach (see also table 2 ). Linkage studies utilize the recombination that occurs between genetic loci that are near each other on the same chromosome during crossing over of homologous chromosomes during meiosis I. The recombination frequency is a function of distance between loci, and the larger the estimated recombination frequency, the lower the likelihood that the loci are linked (i.e. close to each other). If a genetic marker is physically close or in the vicinity of the genetic variant causing the disease, there will be statistically significant evidence of linkage, as estimated by a statistic termed LOD score, which has a value of 3.4 for genome-wide statistically significant linkage or between 2 and 3.4 for suggestive evidence of linkage.
The genome-wide linkage scan performed for caries controlled for several key environmental factors that influence caries. The 46 families studied shared similar cultural habits, were all from a specific geographic area in the Philippines and had very limited access to dental care. The analysis was done twice, once utilizing a definition for high caries experience and the second for low caries experience. The definitions of caries experience relied on DMFT scores but took into consideration the age of the subjects to overcome the limitations of DMFT scores (see footnote 'd' in table 2 ). DMFT scores tend to grow as individuals grow older. The effect of age in any caries experience score will potentially add undetectable bias since it is not possible to account for all factors contributing to increasing levels of tooth loss and affection, and these likely impact genetic analyses (data from Jindal et al. [2011] (22); (6) regulation of cytokine secretion (16); (7) regulation of axonogenesis (10); (8) a Genome-wide linkage utilizes techniques of genetic linkage analysis and a panel of multi-allelic markers evenly spaced throughout the genome; genome-wide association utilizes standard association analysis methods to detect the relationship between a trait and anonymous bi-allelic SNP variants.
b 'Significant' = genome-wide significant, i.e. for genome-wide linkage: LOD scores ≥3.4; for genome-wide association: p value ≤10 -7 , additional adjustments for multiple phenotypes are also done. c 'Suggestive': for genome-wide linkage: LOD scores between 2 and 3.4; for genome-wide association: p value between 10 -5 and 10 -7 . d Categories (see Vieira et al. [2008] ) in children (≤13 years): caries experience very low (DMFT = 0-1), low (DMFT = 2), moderate (DMFT = 3-4), high (DMFT ≥5); in teenagers (13-18 years): caries experience very low (DMFT = 0-2), low (DMFT = 3-5), moderate (DMFT = 6-8), high (DMFT ≥9); in adults: caries experience very low (DMFT = 0-4), low (DMFT = 5-8), moderate (DMFT = 9-13), high (DMFT ≥14).
e Hierarchical clusters (see Shaffer et al. [2013b] ): DMFS1 (DMFS scored from the occlusal surfaces of molars; heritability (h 2 ) = 27%, p = 0.06), DMFS2 (mandibular incisors, canines and first premolars; h 2 = 54%, p = 0.002), DMFS3 (molars and maxillary premolars excluding occlusal molar surfaces; h 2 = 43%, p = 0.004), DMFS4 (maxillary incisors; h 2 = 0%, p = 0.5) and DMFS5 (canines and premolars; h 2 = 40%, p = 0.008). f DMFS calculated on pit and fissure surfaces, and DMFS calculated on smooth surfaces, with each score adjusted for age, sex, presence of Streptococcus mutans and home water fluoride level.
g dfs calculated on pit and fissure surfaces adjusted for age and age 2 , dfs on smooth surfaces adjusted for age. h Gene sets are combinations of genes that are functionally related (terms used here are from the Gene Ontology of Ashburner et al. [2000] ); the number in parentheses is the number of genes tested within the set ; selected gene names with known/suspected involvement in oral or dental phenotypes are also listed. Terms included in this table are those significant after adjustment for multiple testing (FDR <0.05) under at least one of four statistical methods utilized for the gene set analyses (GenGen, Alligator, SNP ratio test, mixed model; see Wang et al. [2013] ). Bold terms are those that were significant under more than one statistical method. FDR = False discovery rate. Is there undermining discoloration of the dentin? This is often seen better when wet. Fig. 3 . Questionable carious lesions can be managed with minimal intervention. a A 9-year-old patient with discoloration on an occlusal fissure of the right maxillary first molar. Radiographic exam showed no signs of dentine affection. The dental explorer was used gently and suggested the fissure was retentive. The mother of the child was instructed to carefully brush that tooth with an over the counter fluoridated toothpaste every day at least before the child going to bed. b After 5 years, there were no signs of lesion progression, both clinically and radiographically, which suggests the decision of not performing restorative treatment was for the benefit of the child. c Diagram of the decision making tree of the ICDAS (modified from https://www.icdas.org). The surface of the tooth above would have been possibly coded as 3 in a larger-scale study, even though it was sound. The results suggested five loci linked to caries experience (LOD scores above 2.0 or non-parametric p values <0.0009), three for low caries experience (5q13.3, 14q11.2 and Xq27.1) and two for high caries experience (13q31.1 and 14q24.3). Follow-up fine mapping of these regions using association tests was completed for 5q13.3 ], 14q11.2 [Briseño-Ruiz et al., 2013 and 13q31.1 in 72 Filipino families and additional population data sets from multiple sources. In chromosome 5, BTF3 was a gene in the region flanking association signals that showed gene expression levels in whole saliva associated with caries experience. Similarly, in chromosome 14, genetic markers flanking TRAV4 were associated with low caries experience, and TRAV4 expression in whole saliva of individuals with low caries experience was higher in children and teenagers in comparison to adults. An intergenic SNP at 13q31.1 was associated with high caries experience and was predicted to disrupt the binding sites of two different transcription factors. Fine mapping of the two remaining regions is ongoing.
Genome-Wide Association Studies
Genome-wide association studies generally utilize large panels of SNPs, with typically ≥ 600,000 SNPs actually genotyped and millions more SNPs imputed from the genotyped data, all of which are used for analysis. A typical threshold for genome-wide statistical significance for such studies is a p value ≤ 10 -7 for a 600,000 SNP panel, and a p value between 10 -5 and 10 -7 is considered suggestive. Caries genome-wide association studies are summarized in table 2 .
The first genome-wide association studies for caries, one for the primary dentition [Shaffer et al., 2012] and one for the permanent dentition [Wang et al., 2012a] , suggested different loci than the ones reported in the earlier genome-wide linkage study, which is not surprising given the relative strengths of the two approaches (see below). The analysis of the primary dentition [Shaffer et al., 2012] did not unveil any formal statistically significant association if multiple testing corrections are implemented, but had three loci with suggestive results: 1q42-q43, 11p13 and 17q23.1. This study was done in 1,305 US children 3-12 years of age ( table 2 ). The analysis was repeated taking into consideration home fluoride exposure data, which were available for 720 children; suggestive results were found for 22q12.1 when fluoride exposure was suboptimal and for 1p34 and 6q16.1 when fluoride exposure was optimal. However, when these initial results were tested in an independent sample of 1,695 Danish children aged 2-7 years, no associations were replicated with statistical significance [Shaffer et al., 2012] .
The genome scan of caries in the permanent dentition [Wang et al., 2012a] included 7,443 subjects from five studies from the US that were analyzed separately because caries assessments were done differently, DNA sources were different and genotyping was done at different times in distinct platforms. Individuals having at least one affected tooth in any of the studies were considered affected. Similar to the caries in the primary dentition scan, the results for the permanent dentition yielded a few loci with nominal genome-wide significance (i.e. p value ≤ 10 -7 ) after adjustment of multiple testing. Given the multiple populations included in this study, these results were appropriately considered suggestive, as were several other results with p values between 10 -5 and 10 -7 ( table 2 ) . A portion of the data included in the permanent dentition analyses [Wang et al., 2012a] was re-analyzed twice under surface-specific phenotypic definitions that might be more biologically meaningful than the overall DMFS. The first re-analysis defined affection status by hierarchical cluster analysis of tooth-surface level data [Shaffer et al., 2013a, b] . These analyses yielded five distinct phenotype definitions (DMFS1-5, see footnote 'e' in table 2 ) and resulted in genome-wide statistically significant results for two loci: one for caries in anterior mandibular teeth (DMFS2) and a marker close to LYZL2 (10p11.23; p value = 9 × 10 -9 ), and one for caries in canines and premolars (DMFS5) and a marker close to AJAP1 (1p36.32; p value = 2 × 10 -8
). Additional suggestive loci are summarized in table 2 .
A second re-analysis of the permanent dentition data included two affection definitions: the presence of at least one molar occlusal surface affected (pit and fissure) or the presence of at least one smooth surface affected . These analyses yielded a few genome-wide significant or suggestive associations for each phenotype definition. For occlusal caries, markers flanking BCOR (Xp11.4; p value = 1.8 × 10 -7 ) and INHBA (7p15-p13; p value = 6.5 × 10 -6 ) showed a trend for association. For smooth surface caries, markers flanking BCORL1 (Xq26.1; p value = 1.0 × 10 -5 ) and CXCR1 and CXCR2 (2q35; p value = 1.9 × 10 -6 ) had suggestive results. Similarly, reanalysis of the primary dentition data in Shaffer et al. [2012] included two affection definitions: the presence of at least one molar occlusal surface affected (pit and fissure) or the presence of at least one smooth surface affected [Zeng et al., 2013, in press] . The full results are summarized in table 2 . Genome-wide significant association was observed with KPNA4 (3q26.1) and pit and fis-sure caries, and suggested associations with three genes that were observed in previous studies: MPPED2 (p value = 6.9 × 10 -6 ), AJAP1 (p value = 1.6 × 10 -6 ) and RPS6KA2 (p value = 7.3 × 10 -6 ).
In addition to the above association analyses of individual SNPs with caries, a recent analysis ] applied a new statistical methodology to the primary dentition association results from Shaffer et al. [2012] . Instead of analyzing SNPs one by one, they used gene set-based analysis, which has recently emerged as a useful approach to examine the joint effects of multiple risk loci in complex human diseases or phenotypes such as caries. Wang et al. [2013] used four complementary gene set statistical analysis methods and analyzed 1,331 gene sets under Gene Ontology terms [Ashburner et al., 2000] . Identified were 13 significantly associated Gene Ontology terms/gene sets ( table 2 ). 17 additional sets were further identified as marginally relevant. The identified gene sets encompass broad functions that potentially interact and contribute to the oral immune response related to caries development, which have not yet been reported in any standard single marker-based analysis. These approaches are under development, but it appears that the gene set enrichment analysis approach can provide complementary insights into the molecular mechanisms and polygenic interactions in caries.
As summarized by Wang et al. [2013] , five genes from either ligase activity (WWP2 and RNF217) , neuronal development (ROBO2 and SLIT2) or cytokine/protein secretion (INS) gene sets listed in table 2 might be potentially associated with dental traits. WWP2 is a member of ligase activity pathways and functions as a ligase for and mediates degradation of PTEN, whose gene is expressed in mouse oral development. RNF217 is located at 6q22.31, a genomic region reported to be associated with oral clefts. ROBO2 is a receptor for SLIT2 and possibly SLIT1 genes, which appear to work cooperatively to establish anatomical midlines during neuronal development and establishment of olfactory organization. SLIT1 is also expressed in the primary and secondary enamel knots during molar tooth cusp formation. INS can impact caries through insulin sensitivity. Insulin receptor binding sites are present on rat incisors. None of these relationships are apparently relevant for caries development, but the gene sets and the subset of tooth-related genes raise interesting possible mechanisms for caries.
Summary of Genome-Wide Analyses
When we compare the results across all these genome-wide analyses there are three notable conclusions:
(1) Very little overlap exists across studies, but the promising associations with 1p36.32 and 10p11.23 should be prioritized for future studies for the identification of genetic factors contributing to caries. (2) Phenotype definitions for caries warrant further refinement because suggestive but not formally significant results were obtained for the traditional DMFS/T caries definitions, but genome-wide significant results were found for surfacespecific caries scores. (3) Utilizing approaches that look for joint effects of DNA variants across sets of related genes (such as the gene set enrichment approach of Wang et al. [2013] ) appear to hold promise for identifying possibly functional relationships between caries-associated genetic factors.
Interestingly, as mentioned above, the significant or suggestive signals to date from genome-wide association studies of caries are different from the significant signals found from genome-wide linkage analyses. This fact emphasizes that the two approaches have different strengths: association studies are more sensitive in detecting common variants of small effect size than are linkage studies, but linkage is more robust in detecting etiologic genes that exhibit allelic heterogeneity -if multiple different variants (especially rare variants) within a gene can lead to caries, linkage is much more likely to detect such genes [Risch and Merikangas, 1996] . Thus further follow-up studies of the results from both types of studies are necessary to confirm genetic loci for caries.
Final Remarks
Advances in molecular genetics, engineering, management, research and education offer many new ways to treat patients regarding caries management and prevention. Advancement is underway in caries risk assessment, carious lesion detection, genetic predisposition technologies and restorative techniques [Berg, 2013] . The understanding of genetic contributions to caries can be highly valuable for dental practitioners as the starting point of host susceptibility. In the future, clinicians might be able to explain to patients that some forms of caries are more strongly associated with inherited risk, offering an explanation for both the patient and dental practitioner why similar behavioral risks (i.e. tooth brushing frequency or dietary habits) have different caries risk [Bretz et al., 2003 ]. Individuals at higher genetic risk could then be monitored more closely and provided with more aggressive caries management and prevention programs [Bretz et al., 2003 ].
There has been much interest and progress recently in identifying the genetic contributions to caries. The disease is still highly prevalent despite more than 100 years of studies clearly defining its pathogenesis. New strategies that can protect individuals at higher risk even when exposed to fluorides through drinking water or other sources are needed. Recent studies have shown promise in identifying promising biomarkers that have the potential to help in determining and personalizing treatment for individuals at higher risk to develop the disease. Initial findings suggesting differential expression of genes and proteins in whole saliva ( BTF3 , TRAV4 and total protein count [Roa et al., 2008] ) bring the promise that personalized treatment for caries is on the horizon. Future studies should carefully consider phenotypic definitions and incorporate environmental exposures and demographic variables such as age and sex in the analysis. Models that take into consideration longitudinal evaluations of caries [Isaksson et al., 2013] can be the most promising. Taking advantage of clinical studies such as randomized trials [Bader et al., 2013 ] also can provide novel insight. In future work, an integration of other genetic and genomic information (such as metagenomics, gene expression, protein-protein interaction network, evidence from multiple species and multi-dimensional functional module analysis) can also open new avenues to understand the etiology of caries.
